Room-temperature ionic liquids (RTILs) constitute a fine-tunable class of compounds. Morpholinium-based cations are new to the field. They are promising candidates for electrochemistry, micellization, and catalytic applications. We investigate halogenation (fluorination and chlorination) of the N-ethyl-N-methylmorpholinium cation from the thermodynamics perspective. We find that substitutional fluorination is much more energetically favorable than substitutional chlorination, although the latter is also a permitted process. Although all halogenations at different locations are possible, they are not equally favorable. Furthermore, the trends are not identical in the case of fluorination and chlorination. We link the thermodynamic observables to electron density distribution within the investigated cation. The reported insights are based on the coupled-cluster technique, which is a highly accurate and reliable electron-correlation method. Novel derivatives of the morpholinium-based RTILs are discussed, motivating further efforts in synthetic chemistry.
■ INTRODUCTION
Room-temperature ionic liquids (RTILs) are actively investigated in various branches of pure and applied science. 1−4 They are employed as universal solvents, electrolytes, catalysts, and reaction media. RTILs are used in separation applications, fuel and solar cells, gas capture, and even biotechnology. 1−19 Because of their specific structural properties, RTILs cannot form an energetically favorable crystalline lattice. Consequently, they exist in the liquid state over an unusually wide temperature range. A single cation can be coupled with numerous anions, providing a universe of novel compounds with tunable physicalchemical properties.
Most RTILs are based on heterocyclic organic molecules, such as imidazole, pyrrolidine, pyridine, piperidine, etc. Both protic and aprotic RTILs can be synthesized in many cases. Protons belonging to cations play an important role in formation of cation−anionic and cation−molecular hydrogen bonds. Hydrogen bonds are able to adjust physical properties of the solvent drastically. Morpholinium-based RTILs 20−23 have been characterized recently. They have obtained significant attention because of their specific structural properties. 23 Morpholinium-based cations are bipolar owing to simultaneous presence of oxygen (electron-rich center) and nitrogen (electron-poor center). They can be useful for designing ionic liquid crystals. The crystals of the morpholinium-based compounds with sulfosuccinate anions and long alkane chains, C 8 to C 18 , exhibit hexagonal columnar phases at room temperature. 24 Morpholinium-based RTILs are practical in electrolyte applications because of straightforward synthesis, low cost, and high mobility of the lithium cation. 25 Lithium interacts strongly with the oxygen group in the morpholinium-based cation. Such cation−cation interactions draw strong interest in view of electrolyte applications, such as in batteries, solar cells, and supercapacitors. Unfortunately, these RTILs are viscous. They reveal a large electrochemical window in conjunction with reasonable conductivity. According to Galinski and Stepniak, mixtures of the morpholinium-based RTILs with propylene carbonate are prospective electrolytes for electrochemical double-layer capacitors. 26 These authors reported temperature dependence of ionic conductivities and electrochemical stabilities of N-ethyl-N-butylmorpholinium and N-butyl-Nmethylmorpholinium bis(trifluoromechanesulfonyl)imides in mixtures with propylene carbonate. It was found that the conductivity maximum for these mixtures is located at 20 mol % of RTIL.
An ability of the morpholinium cation to participate in micellization was recently reported. 20 The alkyl chain is responsible for an interplay between hydrophobic and hydrophilic interactions determining micellization behavior. Besides that, morpholinium-based RTILs are interesting as prospective catalysts for organic synthesis, heat stabilizers, oxidants, and corrosion inhibitors. Morpholinium-based cations were coupled with tetrafluoroborate, hexafluorophosphate, bis(trifluoromethanesulfonyl)imide, formate, and bromide, as well as with anions decorated with long alkyl chains. 24 Domanska and Lukoshko 27 measured activity coefficients at infinite dilution for N-butyl-N-methylmorpholinium tricyano-methanide in 61 solvents, including alkanes, cycloalkanes, alkenes, alkynes, aromatic hydrocarbons, alcohols, water, ethers, ketones, and acetonitrile. As compared to N-butyl-N-methylpyrrolidinium tricyanomethanide, these RTILs exhibit higher selectivity in separation of aromatic hydrocarbons from aliphatic hydrocarbons. Successful separation of thiophene and pyridine from heptane was highlighted. The demonstrated selectivity toward sulfur and nitrogen-containing compounds is interesting for many prospective applications of ionic liquids.
Halogenation of the morpholinium-based cations has never been reported. This work investigates fluorination and chlorination of the N-ethyl-N-methylmorpholinium cation from the thermodynamic perspective. We identify five chemically nonequivalent prospective halogenation sites in the Nethyl-N-methylmorpholinium cation. Not only was halogenation of the side hydrocarbon chains (ethyl and methyl) considered, but also halogenation of the morpholine ring was investigated. We show that substitutional fluorination is thermodynamically more favorable in all cases. Chlorination is also permitted, but it is ca. 4 times less favorable. These insights were obtained using highly accurate ab initio coupledcluster electronic structure calculations. 28 The resulting molecular partition functions were further processed to obtain thermodynamic quantities, such as enthalpy, entropy, free energy of reaction, and their temperature dependence.
■ METHODOLOGY
Fluorination and chlorination of the N-ethyl-N-methylmorpholinium cation is investigated from the thermodynamic perspective. The direction of a chemical reaction taking part at constant temperature and constant pressure is determined by evolution of the corresponding Gibbs free energy, G = f(T,P). Gibbs free energy is expressed through a linear combination of enthalpy (H) and entropy (S) as G = H − TS, where T stands for temperature in kelvin. We report these functions for the halogenation reactions and their temperature dependence over the temperature range between 200 and 500 K.
The internal energies, enthalpies, entropies, and free energies are derived from the molecular partition function using the equations of statistical mechanics. The partition function is derived from a quantum-chemical calculation and subsequent frequency analysis for a given chemical entity. All thermodynamics quantities computed in this way correspond to an ideal gas. It is important that an electronic structure method used for wave function optimization accounts for electron correlation. This is because major numerical errors arise from lack of electron correlation, even though a reliable equilibrium geometry of the molecule can be obtained at the Hartree− Fock or density functional theory levels.
The electronic structure of all systems was optimized using the coupled-cluster technique. 28 Coupled-cluster was born in nuclear physics but received its recognition years later when applied to many-body electronic systems. 28 The coupled-cluster technique belongs to the group of post-Hartree−Fock methods. That is, any calculation using the coupled-cluster technique starts with a conventional one-electron calculation; then, the correlation between electrons is accounted for. This method provides very accurate energies of electron levels. Unfortunately, the underlying computational cost is high; thus, consideration of large molecules is prohibited. The implementation of coupled-cluster employed in the present work uses single and double substitutions from the Hartree−Fock determinant. Furthermore, it includes triple excitations noniteratively. 29 The split-valence triple-ζ 6-311G Pople basis set with added polarization and diffuse functions was applied. All electrons were considered explicitly. The pristine cation contains 72 electrons, the fluorinated cation 80 electrons, and the chlorinated cation 88 electrons. The wave function convergence criterion at every self-consistent field (SCF) step was set to 10 −8 hartree. The described electronic structure methods are available in the GAMESS simulation suite. 30 
■ RESULTS AND DISCUSSION
We selected N-ethyl-N-methylmorpholinium as a prototypical cation. The shorter hydrocarbon chain is methyl, while the longer chain is ethyl, as it is in the currently available experiments. The terminating methyl group of ethyl is weakly influenced by the morpholine ring. This is also the case in imidazolium-and pyridinium-based RTILs. 12, 31, 32 Indeed, this group appears nearly neutral. For this reason, longer hydrocarbon chains can be avoided in simulaion to save computational resources. Because morpholinium-based cations are rather new to chemists, widely applied nomenclature of their interaction sites is absent. We propose to apply the following nomenclature to label the symmetrically nonequivalent carbon atoms ( Figure 1 ). C(N) denotes the two carbon atoms linked to nitrogen, while C(O) denotes the two carbon atoms linked to oxygen. Recall that nitrogen is the most electron-deficient interaction site in this cation, while oxygen is the most electronrich site. The carbon atoms in the side chains are named as usual: CH 3 for methyl group, CH 2 for methylene group, and ET for the terminating methyl group in the ethyl chain.
The morpholinium-based cation is a significantly different chemical entity, compared to many other previously known RTIL cations, such as imidazolium, pyridinium, piperdidinium, pyrrolidinium, tetraalkylammonium, cholinium, etc. All the enumerated cations are monopolar because they contain only a positively charged interaction center. This can be a single center, such as the nitrogen atom in the pyridine ring, or two centers, such as the two nitrogen atoms in the imidazole ring. In turn, the N-ethyl-N-methylmorpholinium cation contains one positively charged center (nitrogen) and one negatively charged center (oxygen), whereas all other atoms exhibit smaller charges. The electrostatic charge on the nitrogen atom amounts to +0.29e. It almost compensates the opposite charge of the oxygen atom, which is equal to −0.37e. The two carbon atoms located near oxygen have +0.19e, and the two carbon The Journal of Physical Chemistry B Article atoms near nitrogen have −0.19e and −0.10e. The symmetry near nitrogen is broken because of the strong influence of the methyl group, which is electron deficient, +0.16e. Another difference of the morpholinium cation from most other RTIL cations is that its ring is clearly nonplanar. For instance, the O− C−C−N angle is 32°. The C−O−C angle is 112°, and the C− N−C angle is 108°. Compare these values to an ideal angle of 120°in the planar hexagon, such as benzene. The observations regarding geometry and electron density distribution in the Nethyl-N-methylmorpholinium cation are important for understanding of the halogenation trends discussed below. Figure 2 summarizes the thermodynamic potentials for the fluorination reaction taking place via the five symmetrically different sites: C(N), C(O), CH 3 , CH 2 , and ET. Enthalpy is the decisive factor determining the reaction direction. The difference in enthalpy between the products (C 7 H 15 NOF and HF) and the reactants (C 7 H 16 NO and F 2 ) is significantly negative, indicating that carbon−fluorine covalent bonds in the morpholine ring are more stable than carbon−hydrogen bonds. Favorable halogenation of the hydrocarbon chains was rather expected from conventional chemical wisdom. Isobaric heat capacities are small. The reactions become slightly less favorable as temperature increases. Entropy changes are negative, that is, the entropy factor prohibits halogenation. However, the calculated entropy factor is too small compared to the enthalpy changes.
The trend in free energy completely repeats the trend in enthalpy. The most favorable fluorination site is C(O). This is not easy to predict without an appropriate numerical analysis because one would rather expect straightforward fluorination of the hydrocarbon chains. It is well-known that hydrocarbons are readily fluorinated in the laboratory synthesis. The easier fluorination via the C(O) site indicates a strong role of the oxygen atom, which pulls electronic density of the adjacent carbon atoms toward itself. Having attained partially positive charges, the C(O) carbon atoms react with fluorine, which is strongly electronegative. More polar covalent bonds are formed. The same reasoning applies to the methylene group site, which is ca. 10 kJ mol −1 less favorable. The differences between the remaining interaction sites are smaller, although they still exceed kT.
Chlorination also appears favorable for all the perspective reaction sites. However, the free-energy gain (Figure 3) is ca. 4 times smaller than that in the case of fluorination. This may be due to weaker carbon−chlorine bonds and also, to a certain extent, to steric hindrances. The chlorine atom is significantly larger than the fluorine atom. Similar to fluorination, the C(O) site is most easily chlorinated, and the terminal atom of the ethyl chain is relatively resistant to this reaction. Chlorination of the methyl group is easier than chlorination of the methylene group, although it was the opposite in the case of fluorination. It is probable that because of its size, the chlorine atom perturbs geometry of this part of the N-ethyl-N-methylmorpholinium cation.
Analysis of electrostatic charges on the fluorine and chlorine atoms (Figures 4 and 5) is helpful in understanding the thermodynamic observations and trends. The fluorine atom is negative in all positions of the reaction product. This is expected because of a high electron affinity of this element. However, prediction of particular values was challenging. As discussed above, the C(O) site indeed favors the largest negative electronic charge of fluorine because of proximity to another electronegative atom, oxygen. The terminal methyl group of the ethyl chain is close to neutrality, q = +0.05e, in the pristine morpholinium cation. The fluorine atom makes it electron-deficient, q = +0.13e, by inducing an unusually large positive charge on the carbon atom, q = +0.32e. This makes fluorination reaction at this site less favorable, according to Figure 2 .
The chlorine atom can be both positively and negatively charged, although these charges are small. Note that a positive charge on chlorine in the morpholinium cation is favored by the fact that the overall structure must maintain the +1e charge. If two atoms with different electronegativities are bonded, it does not implicitly mean that one of them will be necessarily electron-deficient and the other one will be electron-rich. Both can be positively charged (with different charges according to Mulliken charges are derived directly from the optimized wave function. They represent a convenient measure of the electron population at a given atom, although their absolute values are not recommended as a characteristic of electrostatic interactions. It is interesting to note that chlorine in the methyl group, CH 2 Cl, has a small, but positive charge. The chlorination at CH 3 is relatively favorable, being inferior only to the chlorination at the C(O) site. In turn, fluorination at CH 3 is less favorable, likely because fluorine cannot acquire a positive charge. The methyl group is electron deficient, q = +0.21e. This partial charge is important in maintaining the total +1e charge on the cation. Attachment of fluorine necessitates redistribution of the electron density over the entire N-ethyl-Nmethylmorpholinium cation.
It must be noted that our results were obtained under an ideal gas approximation. That is, no ion−molecular interactions were considered and no solvation effects or steric hindrances were accounted for. Furthermore, excited states were not considered. This should be a valid approximation for ionic liquids, in which highest occupied molecular oribtal−lowest unoccupied molecular orbital gaps are significant.
■ CONCLUDING REMARKS
The present work reports, for the first time, a theoretical study of the fluorination and chlorination reactions of the prototypical morpholinium cation used in RTILs. Thermodynamic potentials of all reactions are discussed in relationship to the electronic structure and geometry of the cation. We show that halogenation of the cation is energetically favorable in all considered cases. Most likely, the described ionic derivatives will be soon synthesized starting from the morpholinium-based cations and using the well-established methods for fluorination (e.g., treatment by potassium fluoride) and chlorination (e.g., treatment by gaseous chlorine). Fluorination brings a larger free-energy gain.
Substitution of hydrogen atoms by halogen atoms is an important tool in tuning physical-chemical properties of ionic liquids. Unlike hydrogen, fluorine and chlorine are unable to maintain hydrogen bonding with the counterion and polar solvent molecules, if any are present. Hydrogen bonding is an important phenomenon determining identity of many RTILs. Its presence is favorable for certain applications, but it is unfavorable for other applications. Furthermore, fluorination is expected to lead to more polar bonds, i.e., higher partial charges at the corresponding interaction centers. Halogenation is an important tool in tuning hydrophobicity−hydrophilicity balance of RTILs. Understanding of halogenation regularities is necessary for future progress in the field of RTILs, while relatively little has been performed in this direction thus far.
The reported simulations of chemical thermodynamics encourage experimental efforts in organic chemistry and provide guidance for further development of RTILs. The fluorinated and chlorinated morpholinium-based cations are expected to exhibit physical-chemical properties significantly different than those of the original cations. 
